The numerical two-mode electromagnetic model of an ionospheric dynamo is constructed taking into account a skin effect of a field in an anisotropic plasma, i.e. a non-potential electric field of Sq-variations in the ionosphere. It is shown that a three-dimensional current system generated by the dynamo action of winds is located at altitudes less than about 200 km basically. It does not depend on an ionosphere condition in upper layers and weaker field-aligned currents between the northern and southern hemispheres practically, and an almost complete closed current circuit is generated in the dynamo layer.
Introduction
Recent models of ionospheric current systems generated by the dynamo action of winds have improved in achieving more realistic solutions progressively. Richmond and Roble (1987) used the Thermospheric General Circulation Model (NCAR/TGCM) with semidiurnal tidal forcing at the lower boundary. Richmond et al. (1992) used a new simulation model of upper atmospheric dynamics (NCAR/TIE-GCM), taking into account the self-consistent electrodynamic interactions between the thermosphere and ionosphere. The every possible simplifications and approximations used at different stages of ionospheric dynamo studies are specified, for example, by Singh and Cole (1987) . A necessity of three-dimensional efficient numerical model allowing to carry out exact, stable and economic computations also is marked. It is specified, that the first steps in this direction are made by Takeda and Maeda (1980) and Takeda (1982) .
These models are based on the assumption of infinite longitudinal conductivity and equipotential geomagnetic field lines in the ionosphere. It allowed an integration along geomagnetic field lines of the initial equation for a total current divergence to receive the 2-D equation for a potential. The field-aligned currents at the upper boundary of the ionosphere are zero from the assumption of symmetry between northern and southern hemispheres. If the symmetry was absent, it is assumed that these currents flow entirely into the ionosphere of the opposite hemisphere at the conjugate points.
Let us note here two circumstances. First, generally speaking, it is necessary to take into account a skin effect at the large values of the conductivity in the ionosphere. Secondly, the assumption that the field-aligned currents reach as a whole the ionosphere of the opposite hemisphere is repCopy right c The Society of Geomagnetism and Earth, Planetary and Space Sciences (SGEPSS); The Seismological Society of Japan; The Volcanological Society of Japan; The Geodetic Society of Japan; The Japanese Society for Planetary Sciences; TERRAPUB.
resented not so clear. For example, a determination of fieldaligned currents causes difficulties. Richmond and Roble (1987) have noted that their pattern and the patterns of fieldaligned currents by Takeda (1982) and Stening (1977) differ greatly from each other and that the computation of fieldaligned currents is quite sensitive to details of a numerical model. There is a question, whether a certain potential in one hemisphere can affect the conjugated point of other hemisphere through a geomagnetic force line. In the present paper, it is supposed to analyse, as far as essential is this galvanic connection between northern and southern hemispheres for the ionospheric dynamo assuming a skin attenuation of fields. With this purpose, it is supposed to refuse an approximation of equipotential geomagnetic field lines and a potential electrical field in general, taking into account a skin effect in the ionosphere, as well as in the Earth (e.g. Rokityansky, 1982) . Assuming further to use the model of an ionospheric source for the magnetovariation and magnetotelluric sounding the non-uniform Earth, a global problem of an ionospheric dynamo was considered in the present paper including all layers namely the ionosphere, the atmosphere and the Earth.
A mode approach for an electromagnetic field is used in this global task allowing to find the numerical solution at an arbitrary distribution of external currents and conductivity heterogeneities of a medium. The connection between magnetic and electric modes of a field is taken into account in the anisotropic ionosphere with a dependence of medium parameters on angular spherical coordinates.
The Description of a Method and Basic Parameters of a Model
Investigating a global electromagnetic field, it is convenient to present the field as the sum of electric and magnetic modes. These modes appear independent in a spherical symmetric and isotropic medium (e.g. Rokityansky, 1982) . Disturbances of a spherical symmetry and anisotropic conductivities result in necessity to take into account intercon- nections of electric and magnetic modes. To receive equations describing these interconnections of modes, it is possible to take advantage of the following performance for horizontal components of electrical E(r, t) and magnetic H(r, t) fields:
Here r, θ and ϕ are spherical coordinates of a point in system with the origin at the centre of the Earth, E (1) and H (0) are scalar potentials of electrical and magnetic fields of an electric mode, E (0) and H (1) are similar potentials of electrical and magnetic fields of a magnetic mode. Let us substitute (1) in the Maxwell's initial equations:
where μ 0 is the magnetic permeability, J (r, t) is the density of an external current, also it is supposed that j = σ E is the density of a current in a conducting medium, where σ (r) is the tensor of the conductivity. The currents of displacement are not taken into account in the first equation of system (2), as here we shall be limited to consideration of low-frequency fields basically of diurnal variations of fields. The radial components of the equations (2) give:
Here
is the Laplacian operator angular part. The horizontal components of the equations (2) lead to additional connections between potentials of magnetic and electrical fields of modes:
Using relations (1)-(4) it is possible to receive equations describing fields of electrical and magnetic modes: 
The conductivity becomes anisotropic in the upper layers of an atmosphere and in the ionosphere. The conductivity tensor components depend on values of longitudinal σ 0 , Pedersen σ P and Hall σ H conductivities of a plasma in a geomagnetic field with the local declination D and the zenith angle χ in spherical system of coordinates (Plotkin, 2003) . The equation (5) determines a magnetic mode potential E (0) . Electrical mode fields satisfy the equations (6) and (7). These modes are independent in a spherically symmetric isotropic medium. They are generated to vortical (∇ × J = 0) and irrotational (∇ · J = 0) parts of external currents, respectively. As it is visible from equation (7), the electrical mode is generated also by a radial external current. The specified modes are connected with each other at presence of the anisotropy and angular dependence of the conductivity on sphere. Each of modes generates other mode according to the equations (5)- (8). It is possible to note, that the equation of the fourth order (5) for a field of a magnetic mode is reduced to the Helmholtz equation only at the weak dependence of conductivity on angles (when derivatives are small appropriate). As it is visible from equations (1) and (7), the electric field of a magnetic mode is vortical, and the electric field of an electrical mode is potential and
∂ r only for low frequencies ω when a condition μ 0 ω σ L 2 1 is valid, where L is a characteristic scale.
The numerical solution of system of equations (5)- (8) to expressions (R is radius of the Earth)
is necessary for the maintaining accuracy of numerical computations with the greatly varied (on some orders) conductivity value and at the presence of the conductivity jumps along the radial coordinate. Such situation arises, in particular, in a task of a global electromagnetic induction. There is a conductivity jump on the Earth-atmosphere boundary. The conductivity value changes on some orders both in an atmosphere, and inside the Earth.
The lower boundary was usually established in the carried out series of computations inside the Earth on the depth of 1500 km with zero values of potentials E (0) and E (1) , that is equivalent to occurrence on this depth of the perfectly conducting base. It is possible, when the electromagnetic field of diurnal harmonics does not penetrate into the large depths at an Earth's conductivity distribution used.
Assuming a decrease of the potential at large r → ∞, zero values of potentials E (0) and E (1) also were set on the upper boundary in the ionosphere. Hence, the ionosphere from above also becomes a perfectly conducting layer. An altitude of the upper boundary varied in various variants of simulations from 200 up to 800 km above a surface of the Earth, while the solution at small altitudes less than 150-200 km ceased to depend on a situation in the upper part.
Here it was not supposed to receive a complete conformity of simulated fields with observable ones at the expense of the complication of a model by the detailed data. It was supposed to find out effective high-altitude boundaries of the ionospheric dynamo on the basis of the specified assumptions. As the test of the model is necessary, both the qualitative conformity of the calculated ground geomagnetic effect to an experimental picture and also concurrence of fields under the order of observable values was checked.
With the purpose of a simplification of the result analysis, the field of winds was set at heights more than 80 km for the diurnal harmonic on the frequency ω by the following expressions:
reflecting a main effect of a movement of the warm air into the night hemisphere. Here t is Universal Time, so a local midday is at 180
• E when t = 0. External initial dynamosource currents are J = μ σ u × H E , where u is a wind vector and H E is an Earth's magnetic field vector.
The used high-altitude profiles of the longitudinal σ 0 , Pedersen σ P and Hall σ H conductivity (Fig. 1) corresponded to the typical average conditions in the ionosphere and did not depend on a longitude and latitude. The centered dipole model with combining geographical and geomagnetic poles was used for the geomagnetic field H E .
In an atmosphere, the conductivity model is σ (h) = σ 0 exp(h/H ) in all simulations where h is an altitude in km above the Earth's surface, σ 0 = 10 −14 S m −1 and H = 6 and h is a depth in km (Rokityansky, 1982) was used as a spherical symmetric part of the conductivity deep distribution in the Earth. The calculations were carried out also at presence of the lateral heterogeneity of the conductivity of the Earth. A grid size of 20 degrees in co-latitude and 30 degrees in longitude is used. For increase of the calculation accuracy it is possible to reduce a grid size on angles and radius, but it will require also large computational resources. The calculations with a step of 9 degrees in co-latitude required up to 12 hours on the computer with the 1200 MHz processor. The calculation accuracy of ∼1% was achieved, when the radial step was of 0,1 km in an atmosphere, and of 3 km in the Earth. The reduction of time of the calculation is possible in the further by using splitting methods.
Results of numerical simulations

About skin effect in the ionosphere
An electromagnetic induction is usually considered at dynamo modelling only as a source of dynamo fields arising at movement of the conducting medium in the geomagnetic field. However temporal oscillations of a magnetic field of geomagnetic variations can generate according to the law of an electromagnetic induction also a vortical electric field and currents at the large conductivity of media. In particular, a skin effect of fields of geomagnetic variations is essential in the Earth. The similar effect is also essential in the ionosphere, if the skin depth is comparable to the height thickness of the layer, where ionospheric dynamo currents are concentrated. Therefore an electric field was not supposed potential in the anisotropic conducting ionosphere in the present paper.
The simulations have shown that the vortical electric field of the diurnal geomagnetic Sq-variation is compared with its potential electric field in upper layers of localization of ionospheric dynamo currents. Fig. 1 shows high-altitude profiles of conductivities used by simulations, and received high-altitude profiles of component moduli of the electric field of both modes for several latitudes. It is visible, that the skin effect plays an appreciable role in upper ionospheric layers for the radial component of the electric field specially.
Total current distributions are shown for all components in cases of the non-potential (Fig. 2) and potential (Fig. 3) electric field. The total current, concerning which equation (6) was solved, is j s = j + J, i.e. the sum of currents of electrical and magnetic modes and an initial external dynamosource current. The calculations for both cases were carried out on the same numerical model, but the frequency was set equal 10 −16 Hz for a potential electric field. Pictures are shown at night (top) and morning (bottom) meridians. Pictures at midday and evening meridians are similar, respectively, and differ only by change of signs at components due to the simplification and symmetry of the model. As initial dynamo-source currents are symmetric in northern and southern hemispheres, total current systems also have this symmetry. These pictures specify a three-dimensional character of the current system. Radial (high-altitude) currents are less than horizontal currents, and this ratio amplifies in case of a non-potential electric field. Horizontal currents represent several contrary vortices with different localization in height and latitude depending on longitude. Let us note the certain qualitative similarity of current systems for potential and non-potential cases. At the same time, current vortices are narrower on height in a non-potential case. Also it is observed smoother transitions between current vortices. Probably a skin effect on horizontal coordinates influences these circumstances.
It is necessary to emphasize, that the contribution of an electric field of the magnetic mode (of a vortical field) in a current system is absent in the potential case, and all system is created only by a field of the electrical mode. The distinctions of current systems in both cases are visible also from Fig. 4 . Here some radial profiles of all components of the total current are shown by solid lines for a case including a vortical field and by dashed lines for a potential case. Radial currents are decreased for the non-potential electrical field. Also horizontal current components are decreased at low latitudes in this case.
About ground-level geomagnetic effect
Let us note, that the calculated current system j s can be expanded by two current subsystems if take advantage of the formulas similar to relations (1)
One poloidal subsystem with irrotational horizontal currents with the potential function J (1) combined with a radial current forms a closed circuit. Other toroidal subsystem of divergence-free horizontal currents with the stream function J (0) is a complete closed current circuit. Taking into account, that From comparison of last equation (15) and (17) it is visible, that the magnetic field of the electrical mode is determined by value of a radial current. It is usually considered, referring on (Fukushima, 1976) , that under the ionosphere magnetic fields of currents, radial and closing them spreading on ionosphere, compensate each other, and consequently the poloidal current subsystem does not create a ground geomagnetic effect. As it is visible from the received solution (17), it will be correct at any current distributions in the ionosphere, if to neglect radial currents to the Earth through a poorly conducting atmosphere and magnetic fields, created by them. It is known also (Parkinson, 1983) , that the toroidal magnetic field should not leave conducting medium namely the ionosphere in this case. Taking into account the first equation of system (11), we conclude, that in this approach the ground geomagnetic effect (16) is really caused only by vortical part of total current system, that is, by the toroidal current subsystem. Therefore current systems with an identical toroidal part will be equivalent, as create the same magnetic field on a terrestrial surface.
Let us compare toroidal current subsystems for cases in view of vortical electric fields and without it. Distributions of stream functions J (0) of toroidal horizontal currents in the ionosphere are shown for morning-evening meridians in view of the vortical electric field (Fig. 5a ) and without such account (Fig. 5b) . Qualitatively these distributions coincide, forming a system from upper and lower contrary vortices. But they differ both on amplitude of vortices, and on height (of 97 and 104 km respectively), dividing these contrary vortices. Maps of height-integrated stream function of toroidal horizontal currents are shown in Fig. 6 for upper vortex (a and b), for lower vortex (c and d), and for both vortices (e and f) totally. Also maps of electric potential of the electrical mode are shown (g and h). All maps are shown in view of skin effect in the ionosphere (a, c, e and g) and without it (b, d, f and h). Potential distributions (g and h) are similar in a measure (here were taken into account only first diurnal harmonic) to known empirical maps of ionospheric potential by (Richmond et al., 1980) . Maps of calculated ground geomagnetic effect coincide qualitatively with each other and with a picture, observable in practice (Parkinson, 1983) . They are shown in Fig. 7 for non-potential (a) and for potential (b) cases. Magnetic field components are calculated here using the first equation (4) and two last equations (1). In the middle and low latitudinal regions, it is possible to observe that strength of magnetic field vectors is large as though in case of non-potential electric field compared with that of potential one. This result does not contradict the conventional influence of the inductive electric fields. It is possible to conclude from Fig. 7 that apparently the induction fields in the Earth do not influence the removed dynamo source in the ionosphere. In particular, it is known that the contribution of the induction fields in the Earth in ground-level geomagnetic effect makes no more than 30 %. Therefore the ground-level geomagnetic effect depends in the most part on properties of the ionospheric source. The induction fields try to reduce this source as a whole. It is visible from the comparison of Fig. 6e and 6f. The maximal horizontal magnetic field on a surface of the Earth was about 10 nT in both cases, but this value is less actually in the non-potential case. 3.3 About effect of field-aligned currents between hemispheres Integration over a spherical surface of the first equation of the system (3) gives zero value of the total radial current through this sphere. At numerical approximation of the differential equations, it is necessary to prefer the finite differences automatically providing this condition. As it is not always possible, at numerical calculations it is necessary to supervise the total radial current through a spherical surface. The numerical value of radial current integrated over the round solid angle on any sphere did not exceed of 4π 10 −15 A m −2 in the carried out calculations. At the same time, greatest ionospheric currents are of ∼ 10 −6 A m −2 as was above shown. They are concentrated only in the ionosphere dynamo region on heights less than 150 km, where the values of Hall and Pedersen conductivities are maximal at the given model. Amplitudes of currents decrease essentially at distance on a radial coordinate from the dynamo region both upward, and downward (Fig. 4) . Thus it appears that the spatial distribution of ionospheric currents in the dynamo region practically does not depend on their behaviour in upper ionospheric layers with the large longitudinal conductivity. The change of the altitude of the upper boundary conditions of a task and also conductivity profiles or height decrease laws of Hall and Pedersen conductivities practically has not an effect on ionospheric currents in the dynamo region, though it is essential for a picture in upper layers. It is shown in Fig. 8 , where the profiles are displayed describing accuracy and stability of calculations depending on the integration step and the altitude of the upper boundary condition. Therefore Sq-currents basically are located in the dynamo region of the ionosphere. Only small part of radial currents acts in higher layers. Let us note that the zero balance of radial currents through the removed spheres is provided at the expense of their compensation on different longitudes separately in northern and southern hemispheres. Thus current systems in regions above the altitude of the upper boundary condition are not taken into account here. In our opinion, it is insufficiently clear for the present, how these current systems can be constructed. But, as it is visible from calculations, the current densities in the basic dynamo region do not depend on the upper current systems. Therefore it is possible to approve, that the account of field-aligned currents and galvanic connections between the conjugated points in northern and southern hemispheres appears not essential to spatial distribution of ionospheric currents in the basic dynamo region. As the proof in Fig. 9 the same maps are shown, as in Fig. 2 , but the results correspond to a case, when the conductivity values in the ionosphere were increased by 50% in northern and reduced by 50% in southern hemisphere. Let us note at the same time, that the determination of currents in upper ionospheric layers causes difficulties. So, by Richmond and Roble (1987) it is marked that the map of field-aligned currents at height of 300 km received on their model differs from field-aligned currents found by Stening (1977) and Takeda (1982) , which not coincide with each other. It is underlined, that the computation of field-aligned currents is quite sensitive to details of the wind and conductivity in the ionosphere, and also to the numerical technique used. A 2-D equation for potential received by integration of the initial equation along equipotential geomagnetic lines was solved by Takeda and Maeda (1980) and Takeda (1982) for the calculation of field-aligned currents. However at the altitudes of dynamo region of about 100 km and less, where the values of tensor conductivity components can be of one order, the field-aligned currents are comparable with the Hall and Pedersen currents. The condition of equipotential geomagnetic lines thus is broken, and the integration along these lines of coefficients of the initial equation for potential is incorrect. Therefore the three-dimensional current system in the ionosphere also were calculated in the present paper without using an approximation of equipotential geomagnetic lines.
Conclusions
It is shown that the two-mode electromagnetic numerical model taking into account coupled electrical and magnetic modes in the anisotropic heterogeneous plasma is applicable for the solution of problem of the 3-D ionospheric dynamo without using the approximation of equipotential geomagnetic lines. This numerical model used the matrix flow run technique along the radial coordinate.
It is shown that the electromagnetic induction is not only source of dynamo effect, but also a reason of a non-potential electric field of Sq-variations and a skin effect in the ionosphere. Radial components of electric field are decreased due to a skin effect. Also horizontal currents are decreased at low latitudes in this case.
It is established that the toroidal current subsystem is responsible for ground-level geomagnetic effect of the ionospheric dynamo. The model gives pictures of ground-level geomagnetic effect which are qualitatively similar to observable ones.
It is shown that a three-dimensional current system generated by the dynamo action of winds is located basically at altitudes less than about 200 km. It does not depend practically on an ionosphere condition in upper layers and weaker field-aligned currents between the northern and southern hemispheres. Hence an almost complete closed current circuit is generated in the dynamo layer.
